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Abstract Spinocerebellar ataxia type 6 (SCA6) is an
autosomal dominant neurodegenerative disease caused by a
small polyglutamine (polyQ) expansion (control: 4–20Q;
SCA6: 20–33Q) in the carboxyl(C)-terminal cytoplasmic
domain of the a1A voltage-dependent calcium channel
(Cav2.1). Although a 75–85-kDa Cav2.1 C-terminal frag-
ment (CTF) is toxic in cultured cells, its existence in
human brains and its role in SCA6 pathogenesis remains
unknown. Here, we investigated whether the small polyQ
expansion alters the expression pattern and intracellular
distribution of Cav2.1 in human SCA6 brains. New anti-
bodies against the Cav2.1 C-terminus were used in
immunoblotting and immunohistochemistry. In the cere-
bella of six control individuals, the CTF was detected
in sucrose- and SDS-soluble cytosolic fractions; in
the cerebella of two SCA6 patients, it was additionally
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DOI 10.1007/s00401-009-0630-0detected in SDS-insoluble cytosolic and sucrose-soluble
nuclear fractions. In contrast, however, the CTF was not
detected either in the nuclear fraction or in the
SDS-insoluble cytosolic fraction of SCA6 extracerebellar
tissues, indicating that the CTF being insoluble in the
cytoplasm or mislocalized to the nucleus only in the SCA6
cerebellum. Immunohistochemistry revealed abundant
aggregates in cell bodies and dendrites of SCA6 Purkinje
cells (seven patients) but not in controls (n = 6). Recom-
binant CTF with a small polyQ expansion (rCTF-Q28)
aggregated in cultured PC12 cells, but neither rCTF-Q13
(normal-length polyQ) nor full-length Cav2.1 with Q28 did.
We conclude that SCA6 pathogenesis may be associated
with the CTF, normally found in the cytoplasm, being
aggregated in the cytoplasm and additionally distributed in
the nucleus.
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Introduction
Spinocerebellar ataxia type 6 (SCA6) is an autosomal
dominant neurodegenerative disease caused by an expan-
sion of a CAG repeat in exon 47 (the ﬁnal exon) of the a1A
voltage-dependent calcium channel (Cav2.1) (gene symbol:
CACNA1A)[ 65]. SCA6 is allelic with three other domi-
nantly inherited neurological diseases caused by different
mutations in CACNA1A: episodic ataxia type 2, familial
hemiplegic migraine [33], and progressive cerebellar ataxia
[64]. Clinically, SCA6 patients show progressive cerebellar
ataxia with an average age of onset at 45.5 years [17].
Besides progressive cerebellar ataxia, vertigo, oscillopsia,
and episodic nature of cerebellar symptoms are character-
istic features of SCA6 differentiating from other ataxias [8,
14, 19, 45]. Neuropathologically, degeneration is predom-
inant in cerebellar Purkinje cells showing cerebellar
cortical degeneration [8, 18]. In some cases, the inferior
olivary complex may be affected [18, 44]. Thus, SCA6 is a
prototype of cerebellar cortical degeneration, though
degenerations outside the cerebello-olivary system may
accompany [6]. SCA6 is found worldwide, with a relatively
higher prevalence in Japanese [47].
SCA6 is considered one of at least nine known neuro-
degenerative disorders called polyglutamine (polyQ)
diseases, which includes Huntington’s disease (HD), spinal
and bulbar muscular atrophy (SBMA), SCA1, SCA2,
Machado-Joseph disease/SCA3 (MJD), SCA7, SCA17, and
dentatorubral-pallidoluysian atrophy (DRPLA) [60]. This is
because the CAG repeat, which is transcribed into two
different CACNA1A mRNA isoforms by an alternative
splicing at the intron46/exon47 splice junction, is placed
within a 30-extended coding sequence of the major mRNA
isoform, resulting in the CAG repeat being translated into a
polyQ tract [1, 15, 65]. The CAG repeat in CACNA1A in
normal individuals ranges from 4 to 20 repeats, whereas in
SCA6 patients, this repeat is expanded usually ranging from
20 to 28 repeats [17, 45, 65], although longer expansions up
to 33 repeats are rarely found [61]. Remarkably, CAG
repeat/polyQ expansion in SCA6 is smaller than normal-
length CAG repeats/polyQs in other polyQ diseases.
As the mutation of SCA6 is in CACNA1A encoding
Cav2.1, a pore-forming subunit of P/Q-type voltage-
dependent calcium channel essential for neurons [4, 30,
55], it is possible that such small polyQ expansion leads to
neurodegeneration by functional alterations of Cav2.1 [5,
14, 21, 28, 35, 36, 50]. However, two recent studies on
different SCA6 knock-in mice neither found that expanded
polyQ affects the electrophysiological properties of Cav2.1
[37, 57], suggesting that the pathogenic mechanism of
polyQ expansion in SCA6 is not merely due to functional
changes of Cav2.1.
It has been known that Cav2.1 is highly expressed in
cerebellar neurons and localizes primarily to nerve termi-
nals, dendrites and Purkinje cell soma [59]. In SCA6, the
Cav2.1 forms microscopic aggregates in Purkinje cells [15,
16]. Using a polyclonal antibody named A6RPT-C that
recognizes the Cav2.1 carboxyl(C)-end, large rod-shaped
aggregates were observed in cell bodies of SCA6 Purkinje
cells [15]. Subsequent analysis using 1C2, a mouse
monoclonal antibody that preferentially recognizes
expanded polyQ tracts [51], also revealed the formation of
granular aggregates [16]. However, the aggregates recog-
nized by these antibodies did not completely co-localize
[16], leaving the component(s) of the aggregates formed in
SCA6 Purkinje cells obscure.
With regard to a toxicity of mutant protein, our group
and others have shown that a 75–85-kDa C-terminal frag-
ment of Cav2.1 (CTF), presumably generated by
proteolytic cleavage of a recombinant full-length Cav2.1,
was toxic in cultured cells, while full-length Cav2.1 was
not [22, 24, 27]. This CTF was particularly toxic in cul-
tured cells when it has an expanded polyQ [22, 27].
However, there is no direct evidence whether the CTF
exists in human brains. Given that the CTF also exists in
neurons and is toxic when having expanded polyQ, it
would be particularly important to identify its area of
expression in normal brains and how it is altered in SCA6.
Moreover, it has not yet been clariﬁed whether such a small
polyQ expansion promotes aggregation of either full length
Cav2.1 or any of its portions in SCA6 human brains. These
fundamental questions remain unanswered since immuno-
blot analysis was not successful in human brains because of
lack of sensitive antibodies against the Cav2.1.
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123In this study, we generate new antibodies (A6RPT-
#5803 and 2D-1) against the C-terminus of Cav2.1 and
demonstrate by immunoblot analysis that the CTF, which is
expressed exclusively in the cytoplasmic soluble fraction
of the human control cerebella, is aggregated in SCA6
brains harboring a small expansion (Q22 tract) in the
Cav2.1. The CTF in SCA6 was also detected in the nuclear
fraction, indicating that a small polyQ expansion affects
intracellular location of CTF. A small polyQ expansion
(Q28 tract), that is what seen in actual SCA6 patients,
promoted recombinant CTF to aggregate and distribute in
both the cell bodies and nuclei of cultured cells; however, it
did not when it was expressed in the full-length Cav2.1.
Considering CTF toxicity in cells, this study implies that
the CTF is an important molecular component of SCA6
pathogenesis.
Materials and methods
The study was conducted in three parts: (1) development of
new antibodies against the Cav2.1 C-region, (2) Western
blot and immunohistochemical analysis of human control
and SCA6 cerebella, and (3) investigation of recombinant,
full-length Cav2.1 and CTF expressions in cultured cells.
Generation of plasmids for recombinant proteins
All recombinant human CACNA1A cDNAs (Fig. 1) were
constructed from the previously described full-length
CACNA1A clones [15]. Human genomic DNA samples
were used to clone 11, 13, and 28 CAG repeats encoding
Q11, Q13 (both normal), and Q28 (expanded), respec-
tively. Here, an artiﬁcial clone with 165 CAG/CAA repeat
encoding a 165-Q-stretch (extremely expanded; Q165) was
also generated, as previously described [34]. Although the
length of 165-Q-stretch is too long considering the actual
number of CAG repeat expansion in SCA6 patients, it
would allow us to see more dramatic effects of polyQ on
the Cav2.1 protein aggregation.
RecombinantCav2.1CTF(rCTF)encodingtheC-terminal
553 amino acids (AA) [AA#1954 to the C-end (AA#2506) in
GenBank (http://www.ncbi.nlm.nih.gov/sites/entrez)A c c e s -
sion number #AB035727] was constructed by deducing the
molecular mass size from the AA sequences. The present
rCTF has longer AA sequences than that generated by
Kordasiewicz et al. [22].
First, the full-length CACNA1A cDNA cloned in the
SphI and XbaI sites of pcDNAI/Amp [15] was digested
with BglII (at nucleotide number 5861 in AB035727) and
XbaI, yielding a 1.7-kilobase (kb), 30-fragment of the
CACNA1A cDNA. This 1.7-kb fragment was cloned into
pcDNA 3.1/myc-His (Invitrogen, Carlsbad, CA, USA).
This clone was then subjected to site-directed mutagenesis
to disrupt the original stop codon of CACNA1A mRNA and
extend its coding sequence to include the C-tag, c-Myc
being translated (named ‘‘Clone A’’). Next, the 50-region of
this clone was ampliﬁed by PCR using forward primer
50-AGTAAGGATCCGCCACCATGGCCTACCCATACG
ATGTTCCAG-30, containing an artiﬁcial Bam HI site, the
Kozak consensus (GCCACCATGG) sequence and a
sequence encoding the N-tag hemagglutinin A(HA), and
reverse primer 50-TCTCCTTGAGGCCGCTTTCGTGAG-
30 to yield a 280-base-pair (bp) fragment from the 50-region
of Clone A. This PCR product was cloned into pCRII
(Invitrogen). After checking its internal nucleotide (nt)
sequence by DNA sequencing, this clone was digested with
BamHI and BglII (corresponding to the nt number 5861 in
AB035727), and the resultant fragment was cloned into the
BamHI/BglII site of Clone A, producing the backbone
construct for the recombinant HA-CTF-myc fusion protein.
Four types of CAG repeats encoding Q11, Q13, Q28, and
Q165 were cloned into this backbone construct using two
KpnI sites ﬂanking the CAG repeat sequence, producing
the ﬁnal rCTF-Q11, rCTF-Q13, rCTF-Q28, and rCTF-
Q165 cDNA clones.
To construct the full-length recombinant (r) Cav2.1
cDNAs, we initially digested the full-length CACNA1A
clones [15]w i t hBglII, yielding a 6-kb DNA fragment
containing the entire 50-region of the full-length CACNA1A
cDNA to the BglII site at nucleotide number 5861 in
AB035726. This 6-kb DNA fragment was inserted into the
unique BglII site of the rCTF cDNA-Q11, rCTF cDNA-
Q28, and rCTF cDNA-Q165 clones to generate full-length
Fig. 1 Scheme representing recombinant (r) Cav2.1 fusion protein
constructs. a Full-length rCav2.1 containing polyQ tracts of either
Q11, Q28, or Q165. Epitope locations for different antibodies are also
shown. b Recombinant CTF (rCTF), corresponding to the C-terminal
553 amino acids of Cav2.1. For both constructs, hemagglutinin A
(HA) and c-Myc (Myc) are tagged in the N-term and C-term of
Cav2.1/CTF, respectively. ‘‘AA’’ denotes amino acids in GenBank
AB035726
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(Q11, Q28, and Q165)-myc fusion proteins.
Antibody generation
In this study, two different anti-Cav2.1 antibodies (i.e.,
A6RPT-#5803 and 2D-1) were generated. For the rabbit
polyclonal antibody A6RPT-#5803, the peptide ‘‘MER-
RVPGPARSESPRA’’ corresponding to the AA#2367–
AA#2382 residues in the human Cav2.1 C-terminal region
(GenBank #AB035726) was synthesized (see Fig. 1). The
polypeptide exists as 41 AA downstream from the polyQ
tract or 126 AAs upstream from the C-end (Fig. 1a). After
being coupled to cystein, the synthetic peptide was injected
into rabbits. Rabbit antisera were afﬁnity puriﬁed, as pre-
viously described [15, 16]. Notably, A6RPT-#5803
speciﬁcally recognizes human Cav2.1 but not mouse, rat, or
rabbit Cav2.1 (data available upon request). On the other
hand, A6RPT-C which recognizes a polypeptide near the
C-end [15] is expected to cross-react with the mouse and
rat Cav2.1 because the antigenic peptide sequence is shared
among the species [53]. Our recent antibodies on SCA6
knock-in mice using A6RPT-#5803 have demonstrated the
presence of microscopic aggregates. A6RPT-#5803 is the
same antibody ‘‘A6RPT-polyQ’’ described in Ref. [57].
The monoclonal antibody 2D-1, designed to detect the
small peptide as A6RPT-C does, was produced by the
conventional procedure [25]. In brief, BALB/c female mice
(Sankyo Labo Service, Tokyo, Japan) were immunized
with the synthetic peptide SRHGRRLPNGYYPAHGLAR,
which corresponds to AA residues #2479–2497 near the
C-end [15] (Fig. 1). Three days after the ﬁnal injection,
spleen cells of the immunized mice were fused with a
myeloma cell line using 50% (w/w) polyethylene glycol
(Roche Diagnostics, Basel, Switzerland). The fused cells
were cultured on 96-well culture plates (Becton Dickinson
Labware, Franklin Lakes, NJ, USA) in hypoxanthine
aminopterin thymidine (HAT) selection medium (Invitro-
gen). Hybridoma cells producing objective antibodies were
screened by enzyme-linked immunosorbent assay (ELISA)
using 96-well plates coated with the synthetic peptides.
All the antibodies used here against Cav2.1 (i.e.,
A6RPT-#5803, 2D-1, and A6RPT-C) detect the Cav2.1
with an extended C-terminus encoded by the CACNA1A
mRNAs with 30-extended coding sequence due to the 5-
nucleotide GGCAG insertion at the intron46/exon47 splice
junction [15].
Cell culture, transfection, and immunoblot analysis
of rCav2.1 proteins
PC12 cells, rat adrenal pheochromocytoma cell line, were
cultured in Dulbecco’s Modiﬁed Eagle’s Medium
containing 5% fetal bovine serum (FBS), 10% horse serum,
and 1% penicillin/streptomycin in a humidiﬁed atmosphere
of 5% CO2 at 37C. PC12 cells were transfected with full-
length rCav2.1 or rCTF cDNA constructs using Lipofect-
amine 2000 (Invitrogen) according to the manufacturer’s
protocol.
Cells were harvested 48 h after transfection and then
suspended in ice-cold MPER buffer (Pierce, Rockford, IL,
USA) containing 1 mM ethylenediaminetetraacetic acid
(EDTA), 1 mM phenylmethylsulfonyl ﬂuoride (PMSF),
and a protein inhibitor cocktail (Complete Mini tablets;
Roche). Protein concentration was determined using the
bicinchoninic acid assay (Pierce) according to the manu-
facturer’s protocol. Total extracts (50 lg) were suspended
in a sodium dodecyl-sulfate (SDS) sample buffer [20 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
(pH 7.2), 120 mM NaCl, 10% glycerol, 2% SDS, 1 mM
EDTA, 1 mM dithiothreitol (DTT), and a complete
protease inhibitor cocktail] and separated by 12.5% poly-
acrylamide gel electrophoresis (PAGE) in a running buffer
containing 1% SDS.
To detect the CTF in oligomer states, transfected cells
were suspended for 20 min in an ice-cold, detergent-free
buffer [25 mM Tris–HCl (pH 7.5), 140 mM NaCl, 1 mM
EDTA and a complete protease inhibitor cocktail], and
then centrifuged at 13,000g for 10 min at 4C. The
supernatant was diluted with a SDS sample buffer
[62.5 mM Tris–HCl (pH 6.8), 2% SDS, 25% glycerol, and
0.01% bromophenol blue] for full-length rCav2.1, or with a
different sample buffer without SDS [62.5 mM Tris–HCl
(pH 6.8), 40% glycerol, and 0.01% bromophenol blue] for
rCTF. After incubating at 37C for 30 min, these samples
were subjected to 12.5% PAGE in a running buffer con-
taining 1% SDS to detect CTF dimers produced from the
full-length rCav2.1, or to 7.5% PAGE under non-denatur-
ing conditions to detect rCTF oligomers.
After PAGE, proteins were transferred onto a poly-
vinylidene ﬂuoride membrane using 25 mM Tris-base,
192 mM glycine, and 10% methanol buffer. Blotted
membranes were blocked for 1 h at room temperature with
5% skim milk in TBS-T [50 mM Tris (pH 7.5), 150 mM
NaCl, and 0.05% Tween 20], washed three times in TBS-T,
and then incubated with either of the following antibodies:
A6PRT-#5803 (diluted with 5% skim milk in phosphate-
buffered saline (PBS) at 1:5,000), A6PRT-C [15] (1:5,000),
mouse monoclonal antibody 1C2 (1:10,000, Chemicon,
Temecula, CA, USA), rabbit polyclonal anti-HA (sc805,
1:5,000, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
antibody or anti-Myc (sc40, 1:5,000, Santa Cruz) antibody.
For loading controls, mouse monoclonal anti-calbindin-
D28k antibody (CR955, 1:5,000, Sigma, St Louis, MO,
USA), mouse monoclonal anti-b-tubulin antibody (1:5,000,
Becton Dickinson Bioscience, San Jose, CA, USA), and
450 Acta Neuropathol (2010) 119:447–464
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Signaling, Boston, MA, USA) were used. Primary anti-
bodies were detected with the appropriate secondary anti-
mouse or anti-rabbit IgG labeled with peroxidase (1:5,000,
Jackson ImmunoResearch, Baltimore, PA, USA), and
ﬁnally visualized using ECL (GE Healthercare, UK). To
check the speciﬁcities of A6RPT-#5803 and 2D-1, immu-
noblot procedures were undertaken in a special device
(ATTO, Tokyo, Japan) that makes it possible to apply
different antibodies to one blotted membrane at a time.
Brain tissues
Human tissues from six controls and two SCA6 brains
(Table 1) were analyzed by immunoblot analysis. All
brains were obtained at autopsy performed under the
families’ written consents. The study was approved by the
institutional review board of ethics of our institutions and
conformed to the tenets of the Declaration of Helsinki.
The obtained brains were immediately frozen and stored
at -80C until use. Tissue blocks from the frozen cere-
bella, occipital cortex, and thalamus were used for
immunoblot analysis. The number of CAG repeats in
CACNA1A was also examined in each subject, as previ-
ously described [17]. The results showed that all SCA6
patients coincidentally harbored the same 22 CAG repeats
in their expanded alleles. Note that these expanded
polyQs (Q22) in the SCA6 patients are only 15Q tract
longer than the shortest polyQ (Q7), or 5Q tract longer
than the longest normal-polyQ (Q17) in the control group
(Table 1).
Immunoblot analysis of human brain tissue samples
All protein extractions were carried out in a cold room
maintained at 4C, unless speciﬁcally described. Human
cerebellar cortices (0.1 g) were homogenized in radio-
immunoprecipitation assay (RIPA) buffer [50 mM Tris–
HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA
(ethylene glycol tetraacetic acid), 0.1% SDS, 0.5% sodium
deoxycholate, 1% Triton X-100, 1% PMSF, and the com-
plete protease inhibitors] with the PHYSCOTRON handy
micro homogenizer (Microtec Nition, Japan). Then, the
homogenate was sonicated with a microprobe for 30 s and
centrifuged at 13,000g for 20 min. The supernatants (crude
extracts) were collected and stored at -80C.
To clarify the Cav2.1 expression pattern in more detail,
subcellular fractionations were performed at 4C, as pre-
viously described [40] (Fig. 2). Brain samples (0.5 g each
of either, cerebellum, occipital cortex, or thalamus) were
homogenized in ten volumes of buffer containing 0.32 M
sucrose, 20 mM HEPES homogenization buffer (pH 7.2),
1 mM DTT, 1 mM PMSF, and a complete protease
inhibitor cocktail, using ten strokes of tight-ﬁtting glass
homogenizers. The homogenate was centrifuged at 1,000g
for 15 min, and the resulting supernatant (fraction ‘‘C’’)
was transferred to a new tube for further analysis of the
cytosolic and membrane fraction. The pellet was rinsed
four times with ice-cold homogenization buffer and then
homogenized, diluted to 1.2 ml with 0.25 M sucrose/buffer
TKM [50 mM Tris–HCl (pH 7.5), 25 mM KCl, and 5 mM
MgCl2], and mixed with two volumes of 2.3 M sucrose/
buffer TKM. The mixture was then layered on top of the
Table 1 Summary of SCA6 and control brain tissues
Subjects Age (years)/gender Diagnosis CAG repeat Duration of ataxia (years) Investigations
Patient 1 61/female [39] SCA6 16/22 7 IHC
Patient 2 79/female [18] SCA6 13/22 14 IHC
Patient 3 68/female [18] SCA6 13/22 18 WB IHC
Patient 4 66/male [16] SCA6 15/22 29 WB IHC
Patient 5 75/female SCA6 13/22 16 IHC
Patient 6 76/female SCA6 13/22 19 IHC
Patient 7 80/female SCA6 ND/22 25 IHC
Control 1 63/male ALS 12/13 WB IHC
Control 2 94/male Stroke 13/13 WB IHC
Control 3 67/male ALS 11/12 WB IHC
Control 4 70/female ALS 7/12 WB IHC
Control 5 60/male ALS 13/17 WB IHC
Control 6 65/male MJD 12/17 10 WB IHC
SCA6 spinocerebellar ataxia type 6; ALS amyotrophic lateral sclerosis; MJD Machado-Joseph disease; IHC Immunohistochemistry; WB Western
blotting; ND Undetermined
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1230.6 ml of 2.3 M sucrose/buffer TKM in a SW41 centrifuge
tube (Beckman, CA, USA) and centrifuged at 10,000g for
1 h. The pellet was re-suspended in 1000 ll of 0.25 M
sucrose/buffer TKM and re-centrifuged at 2,000g for
10 min. The resultant pellet was re-suspended in 0.25 M
sucrose/buffer TKM as the ﬁnal nuclear fraction (N) stored
at -80C until analysis.
The fraction C was further processed by centrifugation
at 16,000g at 4C for 5 min, as previously described with
slight modiﬁcations [10, 26]. The supernatant was col-
lected as a sucrose-soluble cytosolic fraction (C1). The
resultant pellet was re-suspended in 100 ll of SDS buffer
[20 mM HEPES (pH 7.2), 120 mM NaCl, 10% glycerol,
2% SDS, 1 mM EDTA, 1 mM DTT, and a protease
inhibitor cocktail] at 37C for 30 min, and then separated
by centrifugation at 16,000g at room temperature. The
supernatant was collected as a SDS-soluble cytosolic
fraction (C2). The SDS-insoluble pellet was re-suspended
in 100% formic acid (FA), incubated at 37C for 1 h, and
then dried by centrifugation in vacuo. The resulting dried
material was re-suspended in a sample buffer [62.5 mM
Tris–HCl (pH 6.8), 2% SDS, 25% glycerol, and 0.01%
bromophenol blue] and neutralized with 1 M Tris–HCl,
yielding a SDS-insoluble/FA-soluble cytosolic fraction
(C3). The rest of the procedures for measuring protein
concentration and PAGE (using 12.5% acrylamide gels or
5–20% acrylamide gradient gels) were performed similarly
as described in ‘‘Cell culture, transfection, and immunoblot
analysis of rCav2.1 proteins’’.
Immunohistochemistry of human brain tissues
Six controls and seven SCA6 brains were studied (Table 1).
Four of these seven SCA6 brains have already been
described [16, 18, 39]. Brains were obtained as described
earlier and ﬁxed in 10% neutral-buffered formalin. Tissue
samples were parafﬁn-embedded and prepared for neuro-
pathological examination.
Immunohistochemistry was performed as previously
described [15, 16]. Cerebellar tissue blocks containing the
cerebellar cortex and deep cerebellar nuclei, brainstem
(midbrain, pons, and medulla), cerebrum (frontal, temporal
and occipital lobes, the striatum, and the thalamus), and
spinal cord (cervical spine) were selected and sectioned at
6-lm thickness. For antigen retrieval, sections were depa-
rafﬁnized with xylene, washed with distilled water, and
boiled for 1 min three times in 10 mM citrate buffer (pH
7.4). For 1C2 immunohistochemistry, sections were addi-
tionally immersed in FA for 5 min. After antigen retrievals,
all sections were washed in distilled water, treated with
0.3% (v/v) hydrogen peroxide in methanol to quench
endogenous peroxide, and then incubated with a mixture of
normal goat and horse sera for 20 min. Finally, sections
were incubated overnight at 4C with anti-Cav2.1 anti-
bodies (i.e., A6RPT-C, 2D-1, and A6RPT-#5803, all at
1:500) or with 1C2 (1:4,000). The primary antibodies were
serially detected with the appropriate biotinylated anti-
rabbit or anti-mouse IgG (Vector, CA, USA), avidin-
biotinylated-peroxidase complex (Vector), and ﬁnally
developed with 3,30-diaminobenzidine and hydrogen per-
oxide as chromogen. Between each step, sections were
washed with PBS containing 0.1% Triton-X (PBS-T) three
times. Staining speciﬁcity was assessed for each primary
antibody both by substituting the primary antibody with
rabbit or mouse IgG solution (Vector) and by absorption
tests as previously described [15].
For double immunoﬂuorescent labeling, sections were
similarly treated and incubated with primary antibodies
overnight. After washing with PBS, primary antibodies
were detected with Texas-Red conjugated anti-rabbit goat
IgG and ﬂuorescence isothiocyanate conjugated anti-mouse
horse IgG (Vector; both diluted at 1: 1,000 with PBS) for
1 h at room temperature. Sections were then washed with
PBS-T and examined under a confocal light microscope
(TCS-NT, Leica, Germany, LSM 510META, Carl Zeiss).
Immunocytochemistry of Cav2.1 in cultured PC12 cells
PC12 cells expressing full-length rCav2.1 or rCTF were
ﬁxed with 4% paraformaldehyde in PBS for 15 min at
Fig. 2 Protocol for detailed investigation of Cav2.1 in human brain
(see also ‘‘Materials and methods’’). In step 1, the brain tissue was
fractionated to separately enrich cytosolic (C) and nuclear (N)
proteins in a sucrose buffer. In step 2, the resultant cytosolic fraction
(C) was centrifuged to generate a sucrose-soluble fraction (C1) and a
pellet (P1). In step 3, the P1 fraction was dissolved using a buffer
containing SDS and then centrifuged to produce a supernatant
containing SDS-soluble protein fractions (C2) and a pellet of SDS-
insoluble proteins (P2). In step 4, the P2 fraction was dissolved using
formic acid (FA) (C3). Thereafter, the four types of extracts (N, C1,
C2, and C3) were separated by SDS-PAGE
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treatment with 0.4% TritonX-100 in PBS for 15 min, cells
were incubated with in a blocking solution (PBS containing
5% bovine serum albumin and 0.1% Tween 20) for
30 min. Cells were incubated with the anti-tag antibodies,
A6RPT-#5803 and 1C2 for 1 h and then incubated with
ﬂuorescein-labeled anti-mouse IgG (H ? L) (1:1,000;
Vector Laboratories) and Cy3-conjugated afﬁnity-puriﬁed
anti-rabbit IgG (H ? L) (1:1,000; Rockland, PA, USA) for
1 h. Slides were visualized by confocal microscope (LSM
510META, Carl Zeiss).
Quantitative image analysis
Images were analyzed using WinRoof software ver 5.7
(Mitani Corporation, Japan). For measurements of nuclear
and cytoplasmic ﬂuorescence, nuclear and whole cell
regions of interest (ROIs) were generated by density slicing
the Hoechst and A6RPT-#5803 images, and cytoplasmic
ROIs were obtained by subtraction. Then, intensity of the
ﬂuorescence emitted from Cy3-conjugated anti-rabbit IgG
antibody detecting the primary A6RPT-#5803 antibody
was measured in each ROIs by mean intensity of area.
Intensity of untransfected cells was utilized to determine
the threshold and calibration.
Fluorescence measurements were performed in 300
cultured cells (n = 100 per condition). Three groups were
statistically analyzed using one-way ANOVA. Then, dif-
ferences between two groups (e.g., rCTF-Q13 vs. rCTF-
Q28) were analyzed using both Tukey–Kramer and
Bonferroni/Dunn tests. Results were plotted as mean ±
SD, and differences were considered signiﬁcant at
P\0.05.
Results
Generation and characterization of new anti-human
Cav2.1 antibodies A6RPT-#5803 and 2D-1
The polyQ tract lies in the cytoplasmic domain of extended
C-terminal region of Cav2.1 [15, 65]. Thus, antibodies
reacting with the C-terminus are important for exploring
SCA6 pathogenesis. Speciﬁcities of two new antibodies
against this extended C-terminal region, A6RPT-#5803
(rabbit polyclonal) and 2D-1 (mouse monoclonal), were
tested by performing immunoblot analysis on protein
extracts from PC12 cells expressing the cDNA construct
encoding the rCTF-Q28. Both A6RPT-#5803 and 2D-1
faithfully detected the rCTF-Q28 with an approximate
molecular size of 75–85 kDa (Fig. 3).
The CTF generated in cultured cells expressing
full-length rCav2.1
Next, the full-length rCav2.1 proteins containing either one
of the three different polyQs (i.e., Q11, Q28, and Q165)
were transiently expressed in cultured PC12 cells. When
their protein extracts were analyzed by immunoblot anal-
ysis using A6RPT-#5803, we observed strong bands at
about 250 kDa (Fig. 4a, arrow), the expected molecular
mass size of the full-length Cav2.1s [15, 33, 65]. Notably,
reactions were also detected at the stacking gels for full-
length rCav2.1 with Q165 (Fig. 4a, asterisk) and that with
Q28, but were very weak for rCav2.1 with Q11. This
indicates that proteins can become insoluble when the
polyQ tract is expanded. In addition to full-length
rCav2.1s, clear bands at molecular masses ranging between
75 and 110 kDa were also demonstrated (Fig. 4a, arrow-
heads). Differences in sizes of these smaller fragments
corresponded to the differences in their polyQ lengths.
Although the antibody against C-tag (anti-Myc antibody)
detected both proteins at 250 and 75–110 kDa (Fig. 4b),
the antibody against N-tag (anti-HA antibody) failed to
detect the 75–110-kDa protein (Fig. 4c). Hence, the 75–
110-kDa protein detected by A6RPT-#5803 should corre-
spond to the CTF of Cav2.1. With the anti-expanded polyQ
antibody 1C2, the CTFs generated from the full-length
rCav2.1(Q165) and full-length rCav2.1(Q28) (arrowheads)
as well as the full-length rCav2.1(Q165) (arrow) were
clearly detected (Fig. 4d). Detection of rCTF-Q28 by 1C2
was not expected, since it has been believed that length
larger than Q37 is needed for detection by 1C2 [51].
Fig. 3 Speciﬁcities of new anti-Cav2.1 antibodies A6RPT-#5803 (a)
and 2D-1 (b). A special device was used to incubate one blotted
membrane with different antibodies in different lanes at once. rCTF-
Q28 expressed in PC12 cells was probed with different antibodies.
A6RPT-#5803 (Membrane A) and 2D-1 (Membrane B) faithfully
recognized rCTF-Q28, as recognized by anti-HA antibody, anti-Myc
antibody, anti-polyQ antibody 1C2, and A6RPT-C
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Next, we examined whether the CTF existsin humanbrains.
First, we analyzed crude cerebellar extracts with A6RPT-
#5803. Consistent with the results from cultured PC12 cells
expressing full-length rCav2.1s, we observed full-length
Cav2.1 at 250 kDa (Fig. 5a, arrow) and intense bands at 75–
85 kDa (Fig. 5a, arrowhead) in both control and SCA6
brains. Two additional bands (approximately 110 and
160 kDa) were also seen in both control and SCA6 brains,
with the 160-kDa protein showing stronger reactivity than
the 110-kDa protein. Because these proteins were not
observed from the extracts of full-length rCav2.1 protein,
they could be either the products processed from the full-
length Cav2.1, products made by autolysis of the full-length
Cav2.1, or the Cav2.1 isoforms generated by alternative
splicing, as previously described for rat Cav2.1 [38].
The CTF with expanded polyQ tract present
in the nuclear extract of SCA6 cerebella
The intracellular location of Cav2.1 in human brains,
particularly of the CTF, cannot be addressed in immuno-
blotting on crude homogenates. To overcome this problem,
we performed subcellular fractionation using a four-step
protocol according to the solubility against sucrose, SDS,
and FA (Fig. 2). In a sucrose-soluble cytosolic fraction
(C1) of a control cerebellar cortex probed with A6RPT-
#5803, we observed two clear bands with molecular masses
ranging between 75–85 and 150–200 kDa, conceivably
corresponding to the CTF and Cav2.1 isoforms, respec-
tively (Fig. 5b). No obvious bands were observed in the
sucrose-soluble nuclear fraction (N) from control cerebella.
A6RPT-C also detected the 75–85-kDa protein in the C1
but not in the N, whereas it did not detect the 150–200-kDa
protein. Since A6RPT-C and A6RPT-#5803 both detected
the same 75–85-kDa protein fragment, we considered this
fragment as the CTF in the human brain. On the other hand,
the 150–200-kDa protein was not recognized by A6RPT-C.
These results may suggest that A6RPT-C has higher
speciﬁcity, but less sensitivity, to the CTF than A6RPT-
#5803.
In the SCA6 brains, A6RPT-#5803 detected the 75–85-
kDa CTF not only in C1 (Fig. 5c, arrow) but also in the
sucrose-soluble nuclear fraction (N) (arrowhead). The 150-
kDa protein fragment seen in C1 was not detected in N.
When we probed with 1C2, the CTF in the N of SCA6
cerebella was detected (Fig. 5c, arrowhead). To further
determine whether the nuclear CTF localization was spe-
ciﬁc to SCA6, we performed similar experiments on
protein extracts from a MJD cerebellar cortex using
A6RPT-#5803. Results showed that the CTF in a MJD
cerebellum was observed only in the cytosolic fraction
(C1) as in other control brains (Fig. 5d). This indicates that
nuclear CTF localization is speciﬁc to SCA6 and is not
merely a result of cerebellar degeneration.
We next examined the occipital cortex and the thalamus
to see whether ﬁndings in the SCA6 cerebella are also seen
in other regions of SCA6 brains. We found that the 75-kDa
CTF is present in the sucrose-soluble cytosolic fractions
(C1) of both controls and SCA6 extracerebellar tissues
(Fig. 5e). However, the CTF was not detected in their
nuclear fractions (N), indicating that the presence of CTF
Fig. 4 The CTF of Cav2.1 is generated in PC12 cells expressing full-
length rCav2.1 fusion proteins. a Immunoblot analysis of protein
extracts from PC12 cells expressing full-length rCav2.1 containing
either Q11, Q28, or Q165. The blot was probed with A6RPT-#5803.
The arrow indicates full-length rCav2.1 at about 250 kDa, and the
arrowheads denote the C-terminal fragment with different sizes
depending on the polyQ length. The asterisk indicates aggregated
proteins in the stacking gel seen in full-length rCav2.1 with Q28 and
Q165. ‘‘Unt’’ denotes protein extracts from untransfected cells as a
negative control. b The anti-Myc antibody, detecting the C-end tag in
the full-length rCav2.1 fusion protein, recognized both 250 and 75–
110 kDa proteins. c The anti-HA antibody, directed at the N-terminus
of the fusion protein, recognizes only the full-length proteins,
suggesting that the 75–110-kDa bands are the CTF. d The 1C2
antibody recognized full-length rCav2.1 with Q165, two CTFs from
Q165 and Q28 full-length rCav2.1 constructs but not obviously
recognize rCav2.1s (full-length and CTF) with Q11 or full-length
rCav2.1 with Q28
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lum. We also noted that the level of expression could be
relatively low in these two regions compared to the cere-
bellum. This is in accord with previous observation that
Cav2.1 is most abundant in the cerebellum [15].
Detection of insoluble Cav2.1 protein fragments
in the cytosolic fraction speciﬁc to SCA6
Sucrose-insoluble cytosolic proteins were dissolved in SDS
(C2 in Fig. 2), and the resultant SDS-insoluble materials
Fig. 5 The CTF, normally found exclusively in the cytosolic
fraction, is also detected in the nuclear fraction of human SCA6
cerebella. a Immunoblot analysis of crude extracts of human cerebella
detected by A6RPT-#5803 (controls in lanes 1–4 and SCA6-1 in lane
5). The arrow indicates the full-length Cav2.1 at about 250 kDa, and
the arrowhead indicates the protein possibly corresponding to the 75–
85-kDa CTF. The blots were probed with antibodies to b-tubulin
(middle), and calbindin (bottom) as loading controls. b Immunoblot
analysis of sucrose-soluble cytosolic (C1) and nuclear (N) fractions
obtained from control cerebella (controls 1–5). A6RPT-#5803
detected both 75–85-kDa CTF and 150–200-kDa protein only in the
cytosolic fractions, whereas A6RPT-C detected only 75–85-kDa CTF.
Anti-b-tubulin and anti-Histon3 antibodies were used as fractionation
control of cytosolic and nuclear proteins, respectively. c Immunoblot
analysis of SCA6 and control brains probed by A6RPT-#5803 or 1C2.
In the SCA6 brain (SCA6-1: patient 3 in Table 1), the 75–85-kDa
CTF was present both in the sucrose-soluble cytosolic (C1)( arrow)
and nuclear (N)( arrowhead) fractions. The CTF in the nuclear
fraction was also detected by 1C2 (arrowhead). Note that this
difference is based on only a small polyQ expansion (\17 polyQ
difference) in Cav2.1. d Immunoblot analysis on the cerebella of a
different SCA6 patient (SCA6-2: patient 4) and MJD patient. The
CTF was not detected in the nuclear fraction of the cerebellum of the
MJD patient but was detected in the cerebellum of the SCA6 patient
(SCA6-2) (arrowhead). e The CTF is seen in the cytosolic (C)
sucrose-soluble fraction in both control and SCA6 brains (Ctx the
occipital cortex; Bg the thalamus). However, the CTF is not seen in
any nuclear fractions from control SCA6 brains
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is a membrane-bound protein, it is conceivable that the
protein extracted by SDS represents the basic nature of
Cav2.1 in the human brain.
In both control and SCA6 cerebella, we observed four
major bands with approximate molecular sizes of 25, 37,
85, and 170 kDa in SDS-soluble extracts (C2) (Fig. 6a). A
band of approximately 85 kDa would correspond to the
CTF (arrowhead), whereas bands at 25 and 37 kDa may be
processed fragments of Cav2.1. A band above 250 kDa
(arrow), more clearly seen in SCA6 cerebella, could be the
full-length Cav2.1. Smears above 100 kDa (ﬁlled star) were
also seen more clearly in SCA6 cerebellar extracts
(Fig. 6a).
In FA-soluble extracts (C3), smears (open star) were
observed above 50 kDa exclusively from SCA6 cerebella
(Fig. 6a). On shorter exposure ﬁlm, the CTF was revealed
in this smear (Fig. 6b, arrowhead), indicating that the CTF
would be one of the important constituents of aggregates.
There was no obvious band corresponding to the full-length
Cav2.1 in this C3 fraction.
When we probed SDS-soluble (C2) and FA-soluble (C3)
cytosolic fractions with 1C2, immunoreactions were found
exclusively in the SCA6 cerebellar extracts (Fig. 6c).
Notably, both C2 and C3 fractions contained ﬁrm aggre-
gates attached on top of the gel, particularly in the C3
fraction (Fig. 6c, arrowhead). These data indicate that
protein components in human SCA6 cerebella have
Fig. 6 Cytoplasmic aggregates in SCA6 brains contain the Cav2.1
CTF. a Immunoblot analysis using A6RPT-#5803. In the SDS-soluble
cytosolic fractions (C2), four major bands with approximate molec-
ular sizes of 25, 37, 85, and 170 kDa are seen both in control and two
SCA6 cerebella. Bands at 25 and 37 kDa may correspond to the
processed fragments of Cav2.1. A band at approximately 85 kDa
indicates the CTF. A band above 250 kDa (arrow), more clearly seen
in SCA6 cerebella, is considered the full-length Cav2.1. Smears above
100 kDa (ﬁlled star) are also seen more clearly in SCA6 cerebellar
extracts. In SDS-insoluble/formic acid (FA)-soluble extracts (C3),
smears are seen above 50 kDa exclusively from SCA6 cerebella
(open star). b In short exposure ﬁlm of the FA-soluble C3 fractions, a
band in between 75 and 100 kDa corresponding to the CTF is seen
(arrowheads). c Immunoblot analysis using 1C2. Both extracts (C2
and C3) from SCA6 cerebella contain ﬁrm aggregates attached on top
of the gel, particularly in the FA-soluble C3 fraction but not in control
cerebella. d Protein reactions are seen in the SDS-soluble cytosolic
fraction (C2) of both control and SCA6 brains. However, reactions are
not seen in any SDS-insoluble/FA-soluble fractions (C3) of these
brains (Ctx the occipital cortex; Bg the thalamus)
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123tendencies for aggregation. The 75-kDa protein detected
with A6RPT-#5803 was not recognized with 1C2, while
the high molecular weight band at the stacking gel was
clearly demonstrated only by 1C2. These differences may
be partly due to differences in sensitivities and speciﬁcities
of these two antibodies: A6RPT-#5803 speciﬁcally detects
the C-portion of Cav2.1 protein, whereas 1C2 detects
expanded polyQ tract longer than that causes SCA6. 1C2
may be probably more sensitive to conformational changes
promoted by polyQ stretch, or 1C2 may cause multiple
bivalent bindings of the antibody on the homopolymeric
epitope than A6RPT-#5803 does [51].
The 75–85-kDa CTF in the SDS-soluble cytosolic
fractions (C2) was seen in the occipital cortex C2 fractions
of control and SCA6 brains, while it was not evident in the
thalamus from the same brains (Fig. 6d). This seemed to be
due to the difference in the level of Cav2.1 expression; the
thalamus showed lower expression level compared to the
cerebral cortex [15]. Smear formation above 100 kDa, seen
in the same fraction of SCA6 cerebella, was not evident
either in the occipital cortex or the thalamus of the same
SCA6 brain. In the SDS-insoluble/FA-soluble (C3) cyto-
solic fractions of the two extracerebellar tissues no obvious
bands were detected (Fig. 6d), again demonstrating that the
CTF and smear in C3 fractions was restricted in the SCA6
cerebella (Fig. 6a, open star). It is possible that the smear
seen in the C2 and C3 fractions of SCA6 cerebella (Fig. 6a,
ﬁlled and open stars) are associated with the Cav2.1
aggregation processes, though the difference in the Cav2.1
expression levels should also be considered.
Microscopic aggregates formed in the cytoplasm
of SCA6 Purkinje cells
Immunohistochemistry of control cerebella using A6RPT-
#5803 showed a weak and diffuse immunoreactivity in the
cell bodies and dendrites of Purkinje cells (Fig. 7a).
Although a previous study suggested that the C-terminal
region of Cav2.1 is expressed in the nuclei [22], no obvious
immunoreactivity was observed in the nuclei of any neu-
rons in our experiment. Our ﬁnding of predominant
cytoplasmic expression of Cav2.1 is consistent with our
ﬁnding on immunoblotting (Fig. 5b), and is further sup-
ported by previous immunohistochemical studies on
humans [15] and other species [43, 48, 59]. Other neurons
demonstrated very weak immunoreactivity in their cell
bodies (data not shown).
In SCA6 brains, small granular aggregates were abun-
dantly seen in the cell bodies of Purkinje cells (Fig. 7b, c),
demonstrating a distinct difference from controls. The
frequency of these cytoplasmic aggregates was very high;
hence, it was observed in nearly all Purkinje cells
remaining in SCA6 cerebellar cortices.
Microscopic aggregates detected by A6RPT-#5803 in
SCA6 Purkinje cells most commonly appeared as ﬁne
cytoplasmic granules with diameters ranging approxi-
mately from 0.5 to 5 lm (Fig. 7c). However, they
sometimes existed in clusters (Fig. 7b, white arrowheads)
or appeared as rods (Fig. 7b, black arrow). While aggre-
gates were usually seen in the cell body or proximal
dendrites, they were found around the nuclei (peri-nuclear),
or even appeared to exist within the nuclei under a light
microscopic observation (Fig. 7c, arrow). Diffuse labeling
of the nucleus, as described in DRPLA, MJD, and other
polyQ diseases [63], was never observed. The nuclei of
Purkinje cells were not obviously stained as in controls.
Staining with 2D-1 also showed cytoplasmic aggregates
(Fig. 7d). While A6RPT-#5803 picked up both granular
and large rod-shaped aggregates, A6RPT-C detected only
large aggregates (Fig. 7e), as described previously [15, 16].
Pre-absorption tests for A6RPT-#5803 and 2D-1 conﬁrmed
the immunohistochemical detection of these aggregates
(Fig. 7f, g).
Similar aggregates were not conﬁrmed by either A6RPT-
#5803 or 1C2 in any other neurons, including granule cells
and dentate neurons in the cerebellum, inferior olivary
neurons in the medulla oblongata, pyramidal neurons in the
cerebral cortex, or neurons in the basal ganglia (Fig. 7h–k).
These results led us to conclude that aggregates formations
are restricted in the SCA6 Purkinje cell.
Double labeling immunoﬂuorescence studies with
A6RPT-#5803 and 1C2 showed nearly complete overlap;
‘‘granular’’ aggregates in the cell body of SCA6 Purkinje
cells were detected by both antibodies (Fig. 8). The only
exception for this was seen in large aggregates (white
arrow) detected more obviously by A6RPT-#5803. As
previously reported [16], large aggregates recognized by
A6RPT-C were also not labeled by 1C2. Taking these facts
into account, A6RPT-#5803 detects both aggregates rec-
ognized by A6RPT-C and 1C2.
Oligomers and visible aggregates formed by CTF
in cultured cells
Immunoblot analysis using A6RPT-#5803 in SCA6 cere-
bellasuggestedthattheendogenousCTFwithasmallpolyQ
expansion has a tendency to aggregate. To further conﬁrm
this potential to aggregate, we performed immunoblot
analysis with A6RPT-#5803 under mildly denaturing con-
ditions. First, rCTF with three different polyQs (Q13, Q28,
and Q165) was expressed in PC12 cells. When the protein
extracts from thesecellswere boiled in the presence of SDS,
clear bands were seen with different sizes corresponding
rCTFs (Fig. 9a). However, when proteins were extracted
without any detergents and separated in non-denaturing
(native) polyacrylamide gel, we found intense and broad
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namely, ‘‘CTF oligomers’’ (Fig. 9b, open arrowheads).
These observations support the idea that the rCTF could
haveatendencytoformoligomers.Next,toaddresswhether
native CTF cleaved from full-length rCav2.1 has a potential
to form oligomers, we treated PC12 cells expressing full-
length rCav2.1 proteins for 48 h with detergent-free buffer,
and then incubated under a mild condition with 2% SDS
sample buffer for 30 min at 37C just before PAGE. We
observed immunoreactive bands at 150–200 kDa that
appeared to correspond to the CTF dimers (Fig. 9c, open
arrowhead). This would indicate that the CTF with even a
small polyQ indeed has a potential to aggregate.
To clarify whether the intracellular distribution of CTF
differs from that of full-length Cav2.1, we performed
immunocytochemistry on PC12 cells, in which either full-
length rCav2.1 or the rCTF was transiently expressed. The
full-length rCav2.1 generally took perinuclear cytoplasmic
distribution (Fig. 10a). There were no obvious 1C2-positive
aggregates in PC12 cells expressing full-length rCav2.1
with normal (Q11) and expanded (Q28) polyQs. 1C2-
positive aggregates were observed only in cells expressing
the full-length rCav2.1 with Q165 (arrow). When rCTFs
were expressing, rCTFs-Q13 did not show no obvious
aggregates in the PC12 cells (Fig. 10b). However, 1C2-
positive aggregates were found in cells expressing rCTF-
Fig. 7 Immunohistochemistry for Cav2.1 extended C-terminal region
in control and SCA6 cerebella. a A Purkinje cell in control
cerebellum shows only a weak and diffuse immunoreactivity against
A6RPT-#5803. Note that the nuclei of Purkinje or granule cells are
not obviously stained (Control 1). b In SCA6 cerebella (patient 3),
microscopic aggregates are abundantly seen with A6RPT-#5803.
Most aggregates are small granules present in the cell body (black
arrowhead) and dendrites (red arrow). Also, clusters of granules
(white arrowhead) or a large rod-shaped aggregate (black arrow)i s
seen. c On higher magniﬁcation, abundant small granules immuno-
reactive for A6RPT-#5803 are seen (patient 3). Their sizes ranged
approximately from 0.5 to 5 lm. Note that many aggregates are
present in the perinuclear cytoplasm and dendrites in this neuron, but
an aggregate also appears to locate within the nucleus (arrow). d A
large rod-shaped aggregate is seen with 2D-1 in a SCA6 Purkinje cell
(patient 1). e Large cytoplasmic aggregates are demonstrated using
A6RPT-C (arrows) (patient 3). f Aggregates recognized by A6RPT-
#5803 disappear with pre-absorption test. g Aggregates recognized by
2D-1 also disappear with pre-absorption test. h–k Cytoplasmic
aggregates are not seen either in the pyramidal neuron in the occipital
cortex (h A6RPT-#5803; i 1C2) or in the thalamus (j A6RPT-#5803;
k 1C2) (patient 4) (scale bars a, b, d–h 50 lm; c, i–l 25 lm)
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123Q28 or rCTF-Q165 (Fig. 10b). These microscopic aggre-
gates were present mainly in the cytoplasm of PC12 cells
(arrowheads) but were also seen in their nuclei (arrows).
Increase in rCTF distribution in the nuclei in a polyQ
length-dependent manner
Immunoblot analysis using A6RPT-#5803 in SCA6 cere-
bella showed the tendency of endogenous CTF with an
expanded polyQ to locate in the nucleus. To conﬁrm if
such tendency is also true in cultured cells, we assessed the
frequencies of PC12 cells having nuclear rCTF expression
and compared rCTF with different lengths of polyQ (Q13,
Q28, or Q165). Although rCTF distribution was always
predominant in the cytoplasm with any polyQs, its nuclear
distribution increased in a polyQ length-dependent fashion
(Q13: 0.324 ± 0.036, Q28: 0.703 ± 0.039, Q165: 0.840 ±
0.030, P\0.001; one-way ANOVA) (Fig. 10c, d). Inter-
estingly, the tendency for nuclear distribution was
signiﬁcantly strong in rCTF-Q28 compared with rCTF-Q13
(P\0.05; Tukey–Kramer and Bonferroni/Dunn tests)
(Fig. 10d), indicating that a small polyQ expansion is
sufﬁcient to cause rCTF nuclear distribution.
Discussion
One of the most important ﬁndings on immunoblot analysis
is that the CTF, which is normally expressed abundantly in
the cytoplasmic fraction of human cerebella, was addi-
tionally detected in SDS-insoluble/FA-soluble cytosolic
fraction from SCA6 cerebella. The difference observed
between control and SCA6 brains was striking considering
that the difference in polyQ length was very small (5–15Q).
Immunohistochemistry demonstrated abundant micro-
scopic aggregates in SCA6 Purkinje cells but not in any
control cells. We conclude from these data that a small
polyQ expansion affects protein aggregation in SCA6
human brains. For recombinant proteins, rCTF-Q28
showed propensity for aggregation compared with rCTF-
Q13 on immunohistochemistry in PC12 cells, whereas
Fig. 8 Double immunoﬂuorescent confocal images of the Cav2.1
extended C-terminus (A6RPT-#5803) and expanded polyQ (1C2) in a
SCA6 Purkinje cell (patient 3). Most granular aggregates recognized
by A6RPT-#5803 (a red) are also recognized by 1C2 (b green)
(c merged: yellow). A cluster of granular aggregates detected by
A6RPT-#5803 is very weakly recognized by 1C2 (white arrow)
Fig. 9 Detection of CTF dimer/oligomer from PC12 cells expressing
rCav2.1s. a Immunoblot analysis of rCTF with A6RPT-#5803 in a
denaturing condition. A6RPT-#5803 recognizes rCTF monomers.
b Immunoblot analysis of rCTF with A6RPT-#5803 in a non-
denaturing condition. By native-gel PAGE, broad bands (open
arrowheads) presumably corresponding to heterogeneous CTF pro-
teins are seen besides clear bands corresponding to the CTF
monomers (ﬁlled arrowheads). c Immunoblot analysis of full-length
rCav2.1 in a mildly denaturing condition using A6RPT-#5803 (see
‘‘Materials and methods’’ for details). Weak immunoreactive bands
(open arrowhead) are presumed to reﬂect CTF dimers since their
molecular sizes are double of the CTF monomers (ﬁlled arrowhead)
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observed when rCTFs were analyzed under non-denaturing
conditions. Although it is well known that polyQ expansion
renders the protein containing the expansion mis-fold, our
observation suggesting that the CTF behaves differently
with such a small polyQ expansion both in vivo and in vitro
is indeed novel and surprising. To our knowledge, this is
the ﬁrst study to show that a small polyQ expansion causes
protein aggregation in human brains.
We detected the 75-kDa CTF in the SCA6 sucrose-
soluble nuclear fraction probed with 1C2 on immunoblot-
ting, whereas we saw relatively fewer nuclear aggregates
compared to cytoplasmic ones on immunohistochemistry.
This discrepancy may be brought by the differences in the
protein condensations between cytoplasmic and nuclear
proteins made through the present cell fractionation: the
nuclear proteins were more enriched than the cytoplasmic
proteins. Considering that the CTF normally expressed in
Fig. 10 rCTF with expanded polyQ forms visible aggregates with
increased nuclear distribution in cultured PC12 cells. a Intracellular
distribution of full-length rCav2.1 examined by immunocytochemistry
using A6RPT-#5803 (red) and 1C2 (green) antibodies. The nuclei
were visualized with Hoechst (blue). Full-length rCav2.1 proteins
(Q11, Q28, and Q165) localize in the cytoplasm and only the full-
length rCav2.1 with Q165 forms 1C2-positive aggregates (arrow)
(scale bars 10 lm). b Intracellular rCTF distribution. rCTFs with
different polyQs (Q13, Q28, and Q165) were stained with 1C2
(green) or A6RPT-#5803 (red). The CTF with expanded polyQ (Q28
and Q165) formed visible aggregates in both the cytoplasm and
nucleus but predominantly in the cytoplasm, whereas rCTF-Q13 did
not. Arrows indicate cytoplasmic aggregates and arrowheads nuclear
aggregates (scale bars 10 lm). c Histogram showing ratios of nuclear
to cytoplasmic ﬂuorescence detecting A6RPT-#5803 immunoreactiv-
ities in PC12 cells transfected with CTF-polyQ13 (red), Q28 (green),
and Q165 (blue)( n = 100 per condition). rCTF distribution in the
nucleus increased in a polyQ length-dependent fashion. d Mean
A6RPT-#5803 cell body ﬂuorescence in PC12 cells transfected with
rCTF-polyQ (Q13, Q28, and Q165) (n = 100) (mean ± SD;
**P\0.01, *P\0.05; Tukey–Kramer and Bonferroni/Dunn tests)
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consider that the nuclear CTF should be less in amount
compared to the cytoplasmic CTF. In addition, aggregate
formation might leave less free CTF remaining in the
sucrose-soluble cytosolic fraction. Nevertheless, our data
clearly showed that the CTF with expanded polyQ in a
soluble form tend to mislocate in the nucleus compared to
the normal CTF.
On immunoblotting of cytosolic fraction (C1), A6PRT-
#5803 detected not only the 75-kDa CTF but also a band of
150 kDa, whereas only the 75-kDa CTF was detected with
A6RPT-C (Fig 5b). Although the precise biochemical
identity of the 150-kDa protein remains unknown, Cav2.1
proteins of similar molecular sizes have been previously
demonstrated by immunoblotting with different antibodies:
the antibody CT-2 detected three different bands ranging
between 120 and 190 kDa in the cytosolic fraction of mice
cerebella [22], and the antibody CNA3 against rat Cav2.1
detected two bands ranging between 121 and 195 kDa in
rat brain protein lysates. Considering that similar proteins
are detected in different species, we speculate that the 150-
kDa protein could be one of the Cav2.1 isoforms generated
by alternative splicing.
Since the key factor for protein aggregation is the pro-
tein context ﬂanking the polyQ tract [3, 32] as well as the
length of polyQ, it is rational to consider that the CTF
contains AA sequences that may promote the CTF to
aggregate. Besides its protein context, there may be other
factors that cause the CTF to aggregate with such a small
polyQ expansion. One of such factors is the higher
expression level of Cav2.1 both in terms of mRNA and
protein levels in SCA6 Purkinje cells. The CACNA1A
mRNA isoforms encoding the polyQ tract are highly
expressed in Purkinje cells than in any other neurons in
human brains [15]. The second factor is the predirection for
increase of polyQ-coding CACNA1A mRNA due to alter-
native splicing. It has been shown that the CAG repeat
expansion enhances alternative splicing at the intron46/
exon47 splice junction, resulting in much higher level of
these polyQ-encoding isoforms in Purkinje cells of SCA6
cerebella [52]. Third, these could be a post-translational
factor. PolyQ expansion is reported to elevate the expres-
sion levels of Cav2.1 channel protein on the plasma
membrane surface of cultured cells [35]. Our data on
immunoblot analysis may support these implications that
Cav2.1 C-terminal region is increased in SCA6: the
immunoreactive band above 250 kDa conceivably the full-
length Cav2.1, and smears above 100 kDa in C2 fraction
were both clearly seen in SCA6 cerebella than in control
(Fig. 6a).
In several polyQ diseases, such as HD, SBMA, DRPLA,
SCA2, MJD/SCA3, and SCA7, it has been well docu-
mented that production of toxic polyQ-containing
fragments proteolytically cleaved from full-length proteins
is apparently linked to neuronal toxicity [41, 49]. Never-
theless, it remains unclear whether cleavage of full-length
proteins containing polyQ is an important step in disease
pathogenesis or is a normal event in degradation of protein
turnover. Concerning Cav2.1, the CTF was detected in both
control and SCA6 cerebella with a comparative amount by
immunoblot analysis, suggesting that the generation of
CTF is based not merely on the cleavage mediated by the
polyQ-expansion as in other polyQ-diseases, but on the
functional nature of Cav2.1. In this context, SCA6 could be
distinct from other polyQ diseases, in that the potentially
toxic protein species are generated by a certain functional
background. Thus, the knowledge of CTF functions would
be indispensable for exploring the pathogenesis of SCA6.
Then what is the role of (Cav2.1-)CTF? The C-terminal
fragments are also generated in other channel proteins, such
as Cav1.2 [2], Cav1.3 [11], and Cav2.2 [58], but their roles
appear distinct. The Cav1.1- and Cav1.2-CTF are known to
non-covalently associate with the remainder of the channels
and exert an inhibitory effect on their channel functions [12,
13]. In various neurons, the ‘‘L-type’’-CTF produced from
the L-type calcium channel Cav1.2 is translocated into the
nucleus where it acts as a transcription factor [7]. By
comparing the amino acid sequences in public database
(NCBI: http://www.ncbi.nlm.nih.gov/), it was found that
the Cav2.1 CTF and L-type CTF have similar molecular
sizes (about 75 kDa) and AA sequences. Notably, however,
the L-type CTF was shown to be expressed in the nuclei and
cell bodies of rat cortical neurons [7], while the Cav2.1 CTF
did not obviously localize in the nuclei under the same
experimental condition (data shown upon request). This
might reﬂect a difference in the functional properties of the
Cav2.1 CTF and L-type CTF. It is known that the C-ter-
minal region of Cav2.1 interacts with various intracellular
proteins and modulates channel functions [1, 20]. Taken
these facts together, it appears probable that the CTF from
Cav2.1 with normal polyQ has distinct and important
intracellular function(s).
To discover normal CTF functions, knowledge of its
intracellular localization is a prerequisite. While Kor-
dasiewicz et al. [22] previously showed that the CTF is
mainly located in the neuronal nuclei by immunoblot
analysis on mice cerebellar extracts and immunohisto-
chemistry on control human cerebellum, we here showed
that the CTF is highly expressed in the cytoplasm with the
possibility of a very small amount present in the nuclei.
Several explanations for this discrepancy with the previous
ﬁnding of Kordasiewicz et al. may be considered. The use
of different antibodies may cause such discrepancy; we
used four different antibodies compared with the previ-
ously employed CT-2. The use of different cell lines is
another cause; we used PC12 cells compared with the
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123human embryonic kidney cells they used. Another com-
pelling explanation is the use of different CTFs; we used a
longer CTF consisting of C-terminal 553 AA (#1954–
2506) compared with the previously utilized (515 AA,
#2096–2510). If this difference was proved to be a critical
factor in determining the intracellular location of the CTF,
a certain sequence that is responsible for locating the CTF
in the cytoplasm may be present. It would be important to
note that the present rCTF had a molecular size very close
to that of the CTF in human cerebella as we showed on
immunoblot analysis. Based on our ﬁndings, we speculate
that the CTF has a role mainly in the neuronal cytoplasm.
Another essential ﬁnding in the present study is that a
small polyQ expansion not only altered CTF solubility but
also affected its intracellular distribution. In contrast to
control cerebella harboring normal-length polyQ ranging
from Q7 to Q17, the 75-kDa CTF was clearly detected by
both A6RPT-#5803 and 1C2 in the N fraction speciﬁcally
from SCA6 cerebella harboring Q22. These data demon-
strate that a small polyQ expansion (only 5–15Q residues
longer than control polyQ) is sufﬁcient to allow CTF
detection in the nucleus. However, the precise mechanism
underlying such detection remains unknown. One possible
hypothesis is that the polyQ expansion may enhance CTF
nuclear import by putative nuclear localization signals, as
previously demonstrated in cell culture models [22]. An
alternative hypothesis is that it is possible that the CTF
with an expanded polyQ tends to be retained in the nucleus
by forming aggregates or inhibiting nuclear export, given
that the CTF is normally shuttled between the cytoplasm
and the nucleus similar to the L-type CTF. These two
hypotheses may not be mutually exclusive. The CTF with
an expanded polyQ has been shown to cause cell death in
three independent studies including ours [22, 24, 27]. One
of these studies showed that such toxicity was dependent
on the nuclear localization of CTF [22]. If nuclear trans-
location of CTF is the critical step for toxicity, interfering
with the translocation could be instrumental for the fun-
damental therapy of SCA6.
Recently, knock-in (KI) mice that carry the CAG repeat
and ﬂanking sequences in human CACNA1A (‘‘humanized’’
exon 47) were generated [57]. By immunohistochemistry
with A6RPT-#5803, we demonstrated microscopic aggre-
gates in KI mice homozygously expressing Q84 (Q84/Q84)
but not in those with Q14 or Q30 [57]. Microscopic
aggregates in Q84/Q84 KI mice were morphologically
reminiscent of those seen in human SCA6 Purkinje cells,
and located predominantly in the cell bodies of Purkinje
cells. This observation not only validates the Q84/Q84 KI
mice as a model for SCA6 but also supports our ﬁnding of
intracellular location of aggregates. The CTF, not detected
on immunoblot by CT-2 antibody [22], needs to be inves-
tigated in these mice using the present cellular fractionation
technique and A6RPT-#5803 antibody. As both similarities
and differences are noted in pathologies between human
patients and polyQ mice model [62], further investigations
on SCA6KI mice with careful comparisons with human
patients would be an important approach.
Based on the present observations in human brains, we
highlight some unique neuropathological features of SCA6
that could be important for dissecting the pathogenesis of
this disease. First, the Purkinje cell has been regarded as a
neuron particularly devoid of aggregate formation in other
polyQ diseases. For instance, Purkinje cells showed neu-
ronal loss without any inclusions in SCA1, SCA2, MJD/
SCA3, and DRPLA [23]. On the other hand, we showed
here that Cav2.1 built aggregate both selectively and
abundantly in this neuron. Therefore, a clear correlation is
seen in SCA6 between distribution of mutant protein
aggregates and degeneration, whereas this match is not
complete, or even paradoxical, in other polyQ diseases.
This might indicate that the aggregate formation is par-
ticularly important for the SCA6 pathogenesis. Second, our
observation suggested that the CTF is one of the important
protein species forming aggregation. Considering that the
CTF is also present in controls with still unidentiﬁed, but
potentially crucial, cellular functions [4], it is possible that
the SCA6 pathogenesis is deeply associated with the CTF
functions. For example, it is possible that cytoplasmic
aggregations of CTF may lead to cellular dysfunction via
reduction of proper CTF to play such essential functions
and thus compromising normal functions of CTF. Estab-
lishing the CTF knock-down animal model is necessary to
clarify this possibility. Precise knowledge of the C-terminal
region of Cav2.1 is essential for understanding SCA6. It is
also possible that the CTF may gain a new function by
having an expanded polyQ (gain-of-function mechanism).
Increased binding to myosin2B with expansion of polyQ
[27] is an example for such hypothesis. Other interacting
proteins, such as II–III-loop of Cav2.1, G-proteins, may
also play some roles in pathogenesis [56]. It is also con-
ceivable that formation of abundant aggregates in cell
bodies may disturb normal cellular functions such as
intracellular trafﬁcking [9]. Finally, an increase in nuclear
CTF localization may affect normal nuclear function,
considering the previous work expressing the CTF resulted
in cell death [22]. Although SCA6 do not show prominent
intranuclear aggregates or diffuse nuclear staining descri-
bed in other polyQ diseases [63], it is possible to consider
that SCA6 conforms to other polyQ diseases in that soluble
polyQ-containing protein exists in the nucleus. A line of
evidence suggests that nuclear inclusions in other polyQ
diseases may even act to protect neurons from polyQ-
mediated toxicity [54], while a soluble monomer or olig-
omers of expanded polyQ-containing proteins are more
toxic to cells [31, 46]. Thus, it would be important whether
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123the CTF may lead to nuclear dysfunction. Because the
polyQ length is small in SCA6, the nuclear dysfunction
such as CREB-dependent transcription alteration may not
be working in SCA6 [29, 42]. These several major spec-
ulations may not be mutually exclusive, suggesting that
pathogenic mechanisms of SCA6 could be complicated.
Additional studies are needed to further clarify the func-
tional roles of a normal CTF and to discover how the CTF
with an expanded polyQ causes neurodegeneration.
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